Abstract. International shipping is recognized as a pollution source of growing importance, in particular in the remote marine boundary layer. Nitrogen dioxide originating from ship emissions has previously been detected in satellite measurements. This study presents the first satellite measurements of formaldehyde (HCHO) linked to shipping emissions as derived from observations made by the Global Ozone Monitoring Experiment (GOME) instrument.
Introduction
Formaldehyde (HCHO) is an important indicator of tropospheric volatile organic compound (VOC) emissions from various sources as it is a principal intermediate in the oxidation of VOCs in the troposphere. The global atmospheric HCHO "background" originates mainly from the oxidation of methane (CH 4 ) by the hydroxyl radical (OH) in the troposphere. Additional primary HCHO sources, locally emanate from biomass burning and fossil fuel combustion (Anderson et al., 1996) . Moreover, HCHO is formed in the atmosphere as an intermediate in the photochemical oxidation of nonmethane hydrocarbons (NMHC) from biogenic or anthropogenic sources (mainly isoprene and alkenes; Meller and Moortgat, 2000) . The major known sinks of HCHO are photolysis and reaction with OH or/and wet deposition. Due to the rather short lifetime of HCHO of a few hours (Arlander et Published by Copernicus Publications on behalf of the European Geosciences Union.
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T. Marbach et al.: Satellite measurements of formaldehyde linked to shipping emissions al., 1995), HCHO proves to be an important indicator of local sources, e.g. biogenic emissions, biomass burning (Lipari et al., 1984; Carlier et al., 1986) , and industrial activities (oxidation of non-methane hydrocarbons) over continents. In fact, because the oxidation of the relatively constant atmospheric CH 4 concentration typically leads to a rather constant background concentration of HCHO, these additional sources cause "anomalies" in the HCHO distribution (Levi, 1971; Altshuller, 1993; Munger et al., 1995; Lee et al., 1998) . Formaldehyde columns measured from space therefore provide constraints on the underlying reactive VOC emissions (e.g. Palmer et al., 2006; Stavrakou et al., 2009) .
Analyzing long time series of satellite measurements provides unique opportunities for the identification and the characterization of trace gas sources on a global scale. Using our improved GOME (Global Ozone Monitoring Experiment) retrieval for formaldehyde, described in this paper, we processed the 7 year (1996 to 2002) time series of daily maps of the global formaldehyde distribution (full coverage at the equator is achieved within 3 days). From these measurements, a variety of details of the HCHO distribution can be investigated ranging from strong signals of biogenic emissions and biomass burning to rather weak signals e.g. over some industrialized regions as also shown in e.g. Thomas et al. (1998) , Chance et al. (2000) , or Wittrock et al. (2006) . Some of the observed patterns show a very regular occurrence, while also some episodic events (e.g. caused by ENSO) are found (Spichtinger et al., 2004; Marbach et al., 2007) . Longer time series can be retrieved using also the results from the SCIAMACHY instrument onboard ENVISAT (De Smedt et al., 2008) . Eyring et al. (2005) and Endresen et al. (2007) showed that shipping activity has increased considerably over the last century and currently represents a significant contribution to the global emissions of pollutants and greenhouse gases. NO x emissions due to shipping were already identified and quantified by satellite observations of NO 2 Richter et al., 2004; Franke et al., 2009) . All studies investigated the same region between Sri Lanka and Sumatra, where the ship routes are concentrated on one single track, which is also oriented in the scanning direction (approximately east-west) of the satellite instrument. These favourable conditions ease the detection of the weak enhancements in the trace gas absorptions observed by the satellite instruments.
Method: HCHO GOME retrieval
The Global Ozone Monitoring Experiment instrument (GOME, launched in 1995 onboard ERS-2) is a nadir viewing spectrometer observing the UV/visible spectral range continuously between 240 and 790 nm at a moderate spectral resolution from 0.2 to 0.4 nm (Burrows et al., 1999a) . It measures the solar irradiance and the upwelling earthshine radiance. The satellite operates in a near-polar, Sunsynchronous orbit at an altitude of 780 km with a local equator crossing time at approximately 10:30. The typical ground pixel size is 40 km (along track i.e. approximately northsouth) times 320 km (across-track i.e. approx. east-west). Each across-track scan is divided in three pixels (west, centre, east pixel). The coverage of the whole surface of the Earth takes three days at the equator with improving sampling towards higher latitudes (daily coverage for the polar region). A key feature of GOME is its ability to detect not only ozone but also several other chemically active atmospheric trace gases such as NO 2 , SO 2 , BrO, H 2 O, OClO and HCHO by means of Differential Optical Absorption Spectroscopy (DOAS; Platt, 1994; Platt and Stutz, 2008; Wagner et al., 2008) . Compared to other trace gas absorptions (e.g. ozone or NO 2 ), the HCHO absorption seen by GOME is typically rather weak (of the order of 0.1% optical density, OD). In addition, in the spectral window of the HCHO retrieval (337-360 nm), several other trace gases (O 3 , BrO, NO 2 , O 4 ) show substantial absorption features, making the retrieval a difficult task.
The HCHO signal caused by ship emissions, which is investigated in this study, is a very weak enhancement of the HCHO absorption compared to the atmospheric background absorption of HCHO. For the winter months (January to March) 1996 to 2002, the enhancement over the ship track is 2.5 times higher than the mean value measured over the central Pacific (175 • E, 145 • W, 20 • N, 20 • S) which is assumed to be a clean air sector. The unambiguous retrieval of these weak HCHO absorptions is a particular challenge. Nevertheless a clear spatial pattern could be recognized and an additional confidence in the significance of these absorption enhancements could be gained from the observed dependencies of the enhanced HCHO observations on cloud cover and season (described later in this paper). Because of the weakness of the HCHO signal, we performed a rather sophisticated DOAS retrieval, which is described in detail below.
First we perform an independent spectral calibration of the satellite spectra. This calibration is based on the fitting of a highly resolved solar spectrum, convoluted with the satellite slit function, to the satellite spectra. The resulting accuracy of the spectral calibration is of the order of 0.01 nm. A particular advantage is that the spectral calibration is determined directly from the measured satellite spectra. Using this spectral calibration, the trace gas cross sections of HCHO (Meller and Moortgat, 2000) , BrO (Wilmouth et al., 1999) , NO 2 (Vandaele et al., 1997) are convoluted to the instruments spectral resolution. Note that for O 3 instead an interpolation is performed, because the used O 3 cross sections (at 221 K and 241 K; Burrows et al., 1999) were measured with the GOME instrument itself (Burrows et al., 1999b) ; also O 4 (Greenblatt et al., 1990 ) is interpolated, because the spectral features of the spectrum are wider than the spectral resolution of the GOME instrument. In this way a consistent set of reference spectra is prepared (Fig. 1) , which is the prerequisite to minimize the spectral interference between the HCHO absorptions with other absorbers (in particular ozone). During the spectral DOAS retrieval, all reference spectra are allowed to "shift" in wavelength to correct for possible instrumental changes. However, "shift" of all spectra is linked to those of the Fraunhofer reference spectrum. For the Fraunhofer reference spectrum an average of several earth shine spectra selected on a daily basis over the central Pacific (175 • E, 145 • W, 20 • N, 20 • S) is used. This region is usually not affected by strong sources of HCHO and the location is symmetrical to the equator to minimize seasonal effects. Using this Fraunhofer reference spectrum instead of the direct sun measurement, overcomes the problem caused by the GOME diffuser plate (Richter and Wagner, 2001; Richter and Burrows, 2002) . In addition to the absorption spectra, also a Ring spectrum is prepared; it is calculated from the daily earthshine reference (Solomon et al., 1987; Bussemer, 1993) . For the GOME observations we found that the retrieved HCHO absorptions show a systematic dependence on the viewing angle of the instrument: for the different GOME ground pixels (east, centre, west), slight, systematic offsets were found, which can not be explained by the atmospheric distribution of HCHO or the dependence of the absorption path on the viewing angle. The reason for these offsets is still not completely understood. Possible causes are the systematic dependencies of the Ring effect and the degree of polarization on the viewing angle or a calibration effect which varies with the angle of the scan mirror. While this effect is still under investigation, currently we apply a pragmatic solution to correct for these offsets: we selected two spectra (east and west pixel) over regions without significant HCHO Table 1 . GOME VCD results using the following aerosols properties: single scattering albedo of 0.97, an asymmetry parameter of 0.68. The surface albedo was set to 5%. The aerosol optical depths (AOD) have been measured from the ground during FORMAT campaign. The GOME VCD are calculated for the range of boundary layer height (BL) occurring over Milano during the studied time. The GOME VCDs are also plotted with the MAX-DOAS VCD in Fig. 2 .
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VCD MAX-DOAS VCD GOME VCD GOME VCD GOME AOD Cloud Fraction absorption. The ratio spectrum of these two spectra is also included as an artificial "cross-section" in the fitting routine. This technique almost completely removes the artificial east-west differences. In this study, we only consider (almost) cloud free pixels, i.e. the cloud fraction (taken from the HICRU Iterative Cloud Retrieval Utilities; Grzegorski et al., 2006) being less than 20%. The result of the spectral DOAS analysis is the slant column density (SCD, the trace gas concentration along the atmospheric light paths) of HCHO. For the considered 7 years of GOME data (1996) (1997) (1998) (1999) (2000) (2001) (2002) we also filter out the outliers using a median empirical SCD threshold for each orbit of 1×10 16 molec/cm 2 : In total, 1694 orbits out of about 35 000 were rejected. Using results of atmospheric radiative transfer modeling (described in more details in the following section) and assumptions on the HCHO-profile shape we calculate Air Mass Factors (AMF) to convert the SCDs into Vertical Column Densities (VCD, the vertically integrated trace gas concentration); the AMF are defined as the ratio of SCD and VCD. The total error of the HCHO VCD includes several components. First, a statistical component is caused by the limited signal to noise ratio of the satellite observations. From the DOAS retrieval this statistical component of the HCHO SCD is typically found to be <4×10 15 molec/cm 2 (standard deviation) for the GOME results (over the reference sector as well as over the ship track). Taking into account the number of individual measurements (about 200-400 per season) within a box of the ship track size (1 • latitude and 9 • longitude), the statistical error at the seasonal mean is thus about 3×10 14 . This value is in good agreement with the scatter of the retrieved HCHO SCDs over the ship tracks (Fig. 4) , which is found to be in the order of 2-3×10 14 molec/cm 2 . Second, the east-west offset correction (caused by the viewing angle dependency) and the conversion to vertical column densities induce additional systematic errors. The error caused by the east-west offset correction is rather small for the large number of individual observations. Especially for this study it can be neglected because we concentrate on the latitudinal variation, whereas the offset is caused by the east-west orientation of the GOME swath. The most important systematic error arises from the assumptions for the calculation of the air mass factors. For the ship track observations, we estimate this uncertainty to be about 35% (see Sect. 3).
In order to validate the GOME measurements, a comparison with MAX-DOAS (Multiaxis-DOAS) observations from the University of Bremen during the FORMAT (Formaldehyde as a tracer for oxidation in the troposphere) campaign 2002 has been made Heckel et al., 2005; Wittrock, 2006) . The FORMAT MAX-DOAS measurements provide ground based HCHO VCD measurements over Milano (Po valley, Italy) from 25 July to 21 August. The GOME overpass time over Milano is about 10 a.m. Thus the comparison has been made with the days of the FORMAT campaign providing 10 a.m. measurements as well as measurements from 9 to 11 a.m. in order to check the variation. Unfortunately, due to the GOME coverage, only 10 days can be used for a comparison between MAX-DOAS and GOME VCDs. For the GOME SCDs conversion into VCDs we apply radiative transfer simulations using the fully spherical MonteCarlo model TRACY-2 (Deutschmann and Wagner 2006; Wagner et al., 2007) .
As input parameters for the Po valley region around Milano we assumed an aerosol layer with single scattering albedo of 0.97 and an asymmetry parameter of 0.68. The aerosol optical depths (AOD) are taken from the FORMAT daily measurements ( (Heckel et al., 2005) of the FORMAT campaign (at 10 a.m.) shows a good agreement. Also the low values measured around 12 August 2002 are well reproduced in the GOME results. The days with higher discrepancy can be partly explained through a higher cloud fraction (values in Table 1 ). The MAX-DOAS VCD (time 9-11 a.m. mean) are also displayed for information on temporal variability.
heights of 1000, 1500 and 2000 m (Junkermann, personal communication, 2008) over Milano at the studied time. The ground albedo was set to 5% (at the wavelength used to retrieve HCHO). The AMF and VCDs for the GOME HCHO observations over Milano are shown in Table 1 and plotted in Fig. 2 . The comparison with the MAX-DOAS VCD (time 10 a.m.) shows a good agreement (R 2 around 0.6 for the three chosen boundary layer). The GOME VCD also reproduce the lower values measured during the FORMAT campaign from 8 to 15 August 2002, with the lowest VCD seen in both GOME and MAX-DOAS on 12 August. The days with higher discrepancy between GOME and MAX-DOAS (6, 9 and 21 August) can be partly explained through a higher cloud fraction of the GOME over Milano (Table 1) . In addition, it could also be related to possible spatial gradients of the HCHO concentration, which are not resolved by the coarse spatial resolution of the GOME pixels.
HCHO emissions over a ship track
According to recent studies on ocean going ship traffic Endresen et al., 2003; Eyring et al., 2007) the Atlantic ocean is the most travelled ocean of the world, but ship tracks are distributed quite homogenously. In contrast, in the Indian Ocean between Sri Lanka and Sumatra, all ship cruises follow the same narrow pathway. Due to this feature, this particular track has already been detected in NO 2 satellite measurements Richter et al., 2004) . Over this ship track lane enhanced values are also found in our GOME HCHO data set (Fig. 3a) . However, these enhanced HCHO SCDs are surrounded by enhanced values caused by other stronger HCHO sources such as biomass burning or biogenic emissions originating from the continents. In order to better identify the HCHO signal of the ship emissions we take advantage of the almost westeast orientation of the narrow ship track, which allows us to apply a high-pass filter (recursive filter with a cut off frequency of 1/(1400 km)) to the HCHO distribution in northsouth direction. The results are shown in Fig. 3b . By the application of the high-pass filter it is possible to discriminate the weak HCHO signal associated with the ship tracks from the rather strong HCHO signals from other sources. The obtained good agreement between the trace gas patterns and the ship routes allows the assignment of ship emissions as source for the enhanced HCHO SCD. It should be noted here that satellite instruments with improved spatial resolution (e.g. SCIAMACHY on ENVISAT, OMI on AURA, or GOME-2 on METOP) might enable to resolve trace gas patterns related to ship emissions also in other parts of the world. However, despite the large ground pixel size of GOME observations, the horizontal resolution in north-south direction (40 km) is fine enough to resolve the HCHO peaks over the ship track (in the order of 100 to 200 km, see Fig. 4 ) with the world highest ship density on open Ocean.
As an additional confidence check, we investigate the dependence of the retrieved HCHO SCD on cloud cover. For that purpose we used the effective cloud fraction data retrieved with the HICRU cloud algorithm (Grzegorski et al., 2006) . We found that the high-pass filtered HCHO signal is most pronounced for low cloud fractions, which indicates that the corresponding HCHO absorptions must have taken place at low altitudes. Moreover, we found that over the investigated ship track there is no correlation between the patterns found in the HCHO absorptions and those of the cloud distribution. Thus we can exclude the possibility that the observed HCHO pattern might be an artefact caused by interference with clouds. Similar to Beirle et al. (2004) , we investigated the seasonal variation of the enhanced HCHO signal over the ship track. For that purpose we considered the box indicated in Fig. 3b and calculated zonal means (Fig. 4) . For all seasons, the HCHO distribution shows a maximum between 4 • N and 9 • N. However, the exact location and also the shape of the peak differs significantly for the seasons and show a strong asymmetry for summer (July-September) and winter (January-March). This is due to the fact that the ship track corridor is traversed by the Intertropical Convergence Zone (ITCZ) twice a year. As a result, the mean wind directions of summer and winter are nearly opposite. The mean meridional wind component at the surface is 6.5 m/s in summer and 4 m/s in winter (NCEP/NCAR reanalysis; Kanamitsu et al., 2002) . The respective curves are broadened to the North (summer) and the South (winter) respectively, while they are quite symmetric in spring and autumn when meridional wind speeds are lower (1-2 m/s). The observed seasonal variation is an additional independent indication that the observed weak enhancement of the HCHO absorption over ship tracks is indeed caused by ship emissions.
It is interesting to compare the HCHO observations to the NO 2 results of Beirle et al. (2004) . Note that in that paper winter has been set from December to February and summer from June to August. The peaks of both (mean) trace gas distributions are centred around 6 • N, the latitude of the ship track, and similar seasonal variations are found. However, two important differences are found: first, the amplitude of the HCHO VCD is much higher than that of the NO 2 VCD (about a factor of 8). Also the width of the peaks of enhanced HCHO is slightly larger, indicating that about a factor 10 more HCHO is observed than NO 2 . Second, the distance of the HCHO peak is found at larger distance from the center of the shipping route (about 100 km) compared to that for NO 2 (about 40 km). Here it is interesting to note that different grid sizes used for the NO 2 (0.1 • ) and HCHO (0.5 • ) studies can not explain the observed differences in the observed shapes of the peaks. The differences between the observations of NO 2 and HCHO have important implications for the source of the enhanced HCHO concentrations. Because the direct HCHO emissions from ship exhaust are much lower compared to NO x emissions (about a ratio of 0.0005; see e.g. Hoor et al., 2009) , they can be completely eliminated as the reason for the enhanced HCHO VCDs. Also the ratio of the emitted NMHC concentration to the NO x concentrations is by far too small (about 0.09; see Hoor et al., 2009 ) to explain the observed HCHO VCDs.
Currently we have no clear explanation for the observed enhanced HCHO values. One possible reason might be increased CH 4 degradation due to enhanced OH concentrations related to the ship emissions (Lawrence and Crutzen, 1999; Davis et al., 2001; von Glasow et al., 2003; Eyring et al., 2007) , but this source is probably too weak to fully explain the observed values. Nevertheless, it is interesting to note here that recent modelling studies have shown a systematic increase of the MBL ozone concentrations (few ppbv above the background ozone level) at the edges of the ship plume (Kim et al., 2009; Hoor et al., 2009) . Also field observations have shown elevated levels of ozone and/or OH in the MBL affected by ocean-going ship emissions (Burkert et al., 2001; Davis et al., 2001; Kim et al., 2009 ). However, due to the high concentration of pollutants in the ship plume, the complicated non linear photochemistry and the sensitive relationship of NO x , NMVOCs and ozone, also other (currently The seasonal HCHO shift is larger in winter and summer compared to the results for NO 2 of Beirle et al. (2004) . Note that in that paper winter has been set from December to February and summer from June to August.
unknown) mechanisms might be responsible for the HCHO observations, which should be investigated in future studies.
Comparison with model results
In this section we compare our observations with EMAC (ECHAM5/MESSy, atmospheric chemistry) model results. It should, however, be noted that this comparison has to be treated with care because the spatial resolution of the model (T42 corresponding to 2.8 • ) is rather coarse compared to the dimensions of the ship plume (and also compared to the north-south extension of the satellite pixels). Thus, the complexity and non-linearity of the in-plume chemistry (von Glasow et al., 2003; Hoor et al., 2009; Charlton-Perez et al., 2009 ) is not well represented, which might cause large deviations. Nevertheless, we found it is still interesting to perform such a comparison, especially because these models are often used to investigate the impact of emission sources on the global trace gas concentrations (Eyring et al., 2007; ). Such models also allow to study the effect resulting from switching on or off specific emission sources ). The comparison between GOME observations and EMAC is shown in Fig. 5 . The vertical column densities from the model (Fig. 5c ) were obtained using a horizontal resolution of T42 (corresponding to 2.8 • ) and a vertical resolution of 90 levels (sigma hybrid coordinates resolving the surface to 900 hPa with approximately four levels over the oceans). The model time step is 900 s and output has been archived as 5-hourly instantaneous fields (Jöckel et al., 2006) . Ship emissions are based on Eyring et al. (2005) and were released into the two lowest model levels (corresponding to 45 and 140 m, respectively). The partitioning of the NMHC-emission estimates from ships into the individual species is based on the fossil fuel specifications of von Kuhlmann et al. (2003a, b) assuming a fraction of only 0.4% being emitted directly as HCHO. Since GOME has its overpass at 10:30 LT at the equator the model data for building the monthly mean were filtered for local time between 10 and 11 a.m. Note that this filtering, together with the 5-hourly read-out of the model data leads to gaps in the retrieved time series. We checked that these sampling effects had no significant influence on the comparison. For the comparison with the model VCD, the GOME HCHO SCDs have also been converted into VCDs. For that purpose we apply the same radiative transfer model TRACY-2 as used and described for the validation of the GOME data (see method part). We use the following input parameters for the selected area (see Fig. 3a ): for the sea salt aerosol layer (present in the first 100 m) we assumed an aerosol optical depth (AOD) of 0.2 and with single scattering albedo of 1.0 and an asymmetry parameter of 0.68, sea surface albedo of 5% (at the wavelength used to retrieve HCHO); cloud fraction of 10% (i.e. mean cloud fraction of the analyzed data with less than 20% cloud fraction) assuming the clouds to be above the HCHO layer (cloud top height =4 km, optical density =50). We assumed the HCHO concentrations to be close to the surface in the maritime boundary layer (MBL) with a height of 700 m . The resulting AMF for the HCHO observations over the ocean is about 0.4. It should be noted that these AMFs are different from typical HCHO AMF over continents (close to 1) because of the different profile shapes. We also study the potential influence of aerosols on the AMF to investigate the possibility that the observed enhanced HCHO values might be just a radiative transfer artefact. First we performed sensitivity studies using different assumed aerosol properties. It turned out that even for rather high aerosol optical depths the change of the AMFs are <50% and could not explain the observed HCHO increase assuming typical background concentrations of HCHO . It is interesting to note that large enhancements of the AMF occur only for scattering aerosols (single scattering albedo close to unity) which is probably a too high value for ship emissions (Coakley and Walsh, 2001) . Also, if aerosols from ship emissions were purely scattering aerosols with high optical depth, the corresponding strong increase of the top of the atmosphere radiance should be clearly visible, e.g. in aerosol products from satellite observations. Second, we investigated the observed radiance and O 2 absorptions over the region of interest. As proxy for the radiance we used the HICRU cloud fraction which is proportional to the top of the atmosphere radiance, but no systematic pattern was found. From the investigation of the O 2 absorption (using the same averaging and filtering procedure as for the HCHO data), also no systematic feature was found.
Using the AMF of 0.4, the peak values observed in the HCHO SCDs over the ship corridor (about 8.0×10 14 molec/cm 2 ) correspond to HCHO VCDs of 2.0×10 15 molec/cm 2 . Assuming a MBL closer to the surface (200 m and AMF=0.3) or a thicker MBL (1000 m and AMF=0.6) would result in a VCD of 2.7×10 15 and 1.3×10 15 molec/cm 2 , respectively. Note that the changes of the absolute values (HCHO VCDs) do not affect the HCHO SCD ship track pattern. Finally the GOME VCDs have been binned to a 2.8 • grid corresponding to the model resolution (Fig. 5a ). Then the high-pass filter (with a cut off frequency adapted to the 2.8 • resolution) has been applied consistently to the GOME and EMAC VCDs (Fig. 5b and d) .
Despite its resolution of 2.8 degrees, the model results from EMAC indicate an enhancement of the HCHO vertical column along the ship tracks in the Indian Ocean (Fig. 5c) and in general the shape of the HCHO distribution is similar to the one seen in the GOME data (Fig. 5a ). Note that without the application of the high-pass filter, the absolute values differ because the satellite data represent the enhancement with respect to remote regions (see Sect. 2), whereas the model data show the total atmospheric columns. For the high-pass filtered results in Fig. 5d , the obtained patterns are in good agreement with those generated through the highpass filter of the GOME data (Fig. 5b) and underline that the HCHO enhancement can be attributed to the emissions from ship traffic.
Despite the coarse spatial resolution of the model, the absolute values deviate only by about a factor of 2 (the modelled HCHO values over the ship corridor are about two times lower than for the GOME high-pass filtered data). Uncertainties of the GOME retrieval and also of the assumed emission inventories might cause at least part of the discrepancies. Wang et al. (2008) shows that the ship activity patterns from ICOADS and AMVER show differences that could significantly affect the accuracy of the ship emissions inventories. The factor 2 deviation between GOME and model data is probably mainly related to the limitations in representing the complex in-plume chemistry by coarse resolution of the model. The spread of NO x into the grid cell neglecting plume chemistry leads to an underestimation of OH (due to an underestimation of the reaction of NO with HO 2 ; e.g. Song et al., 2003; Von Glasow et al., 2003) . The sensitivity of OHchanges to NO x -perturbations is large at low NO x conditions in particular over the tropical oceans (Lelieveld et al., 2002) . Both factors may result in a lower OH-production from NO x emitted by ships which leads in turn to less efficient HCHO formation from methane in the background atmosphere.
We could not detect any enhanced HCHO values over other ship tracks in the GOME data, mainly for two reasons: (a) the Indian Ocean track corridor is extremely narrow (in contrast to the ship tracks of Atlantic routes) leading to a distinct enhancement and (b) it has the peculiarity of being oriented in the east-west direction, almost parallel to the GOME pixel. Thus, the large east-west extent of the GOME pixel does not affect the measurements.
Conclusions and outlook
In this study we present the first detection and quantification of HCHO linked to ship emissions from satellite observations. Although the HCHO signal is weak it could clearly be seen in the high-pass filtered satellite data. The line of enhanced HCHO in the Indian Ocean as seen in the 7-year composite of cloud screened GOME observations clearly coincides with the distinct ship track corridor from Sri Lanka to Indonesia. The effect of ship emissions on the rather pristine marine boundary layer is evident from the model simulations and it is also traceable from satellite HCHO observations. As a result of the small absorption by HCHO, the signal in the GOME data is rather weak. However, from three additional pieces of information which can be derived from these satellite data, it becomes evident that the observed HCHO enhancement is indeed caused by the ship emissions: a) First, the pattern coincides very well with the location of the ship tracks; also the seasonal shift of the HCHOpattern is in agreement with the average wind directions.
b) Second, from the selection of clear and cloudy observations, it becomes clear that the bulk of the HCHO causing the signal must be close to the surface c) The observed HCHO pattern also agrees qualitatively and quantitatively well with result of an atmospheric chemistry transport model. The absolute magnitude of the HCHO signal is however underestimated by the model by about a factor of two. This might indicate that the used emission inventories are too low or/and that the in-plume chemistry is not well represented by the rather coarse model resolution.
It is interesting to compare the HCHO values over the shipping route with those of simultaneously observed NO 2 . It is found that HCHO values are substantially higher and the HCHO peaks are found at larger distance from the ship routes. Both findings indicate that direct emissions of HCHO or degradation of emitted NMHC can not explain the observed enhanced HCHO values. One possible reason might be increased CH 4 degradation due to enhanced OH concentrations related to the ship emissions, but this source is probably too weak to fully explain the observed values. These questions should be investigated in detail in future studies. Although the ship emissions are not a major source of HCHO globally, this study has shown that they can be detected and measured with a satellite-based instrument (GOME), and that interesting conclusions on the related tropospheric chemistry can be drawn. Observations from OMI (on AURA), SCIAMACHY on ENVISAT, and/or GOME-2 (launched onboard METOP in October 2006) with improved spatial resolution might even allow the detection of further ship tracks and should be investigated in future studies. Ship emission show an increase over the last years and a further increase for the coming years is expected (Eyring et al., 2007) . However, ship emissions are one of the atmospheric pollution sources with high reduction potential. The emissions are localized and could be reduced by using more efficient engines, cleaner fuels or even new technologies.
